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INTRODUCTION
Biopolymers have received great attention both in industry and in academia thanks to their advantages of being prepared from renewable resources allowing reducing dependency on fossil resources and being in most cases biodegradable. Poly(lactide) (PLA) is currently one of the most attractive biopolymers being derived from renewable resources, due to its biodegradability and its acceptable mechanical properties. 1, 2 However, the main drawbacks of this polymer are its low gas barrier properties, its relative low heat distortion temperature (HDT) and its quite slow crystallization rate.
The low barrier properties of PLA compared to those of synthetic polymers strongly limit its applications in, for instance, food packaging. Different strategies have been used to improve its barrier properties including barrier surface film coating, multilayer coextrusion, plasma deposition, incorporation with nanoclays, or increasing of crystallization degree. [3] [4] [5] [6] Blending of PLA with other biodegradable polymers or conventional synthetic polymers is one of the most effective methods to obtain new properties required for specific end use applications. 7 Generally, polymers having a relative low processing temperature (under 200 C) are suitable for blending with PLA, because PLA undergoes thermal degradation at temperatures above 200 C by hydrolysis, oxidative main chain scission, lactide reformation and inter-or intramolecular transesterification reactions. 8 Today, PLA has been blended with a variety of polymers, having very different characteristics, biodegradable, or nonbiodegradable, amorphous or semicrystalline, such as polyethylene (PE), 9 polystyrene (PS), 10 polypropylene (PP), 11 polyethylene terephthalate (PET), 12 polyvinyl alcohol (PVA), 13 polycarbonate (PC), 14 polymethyl methacrylate (PMMA), 15 polyethylene oxide (PEO), 16 polysaccharides, 17 poly e-caprolactone (PCL), 18 polybutylene succinate (PBS), 19 polyethylene glycol (PEG), 20 or different polyhydroxylalkanoates (PHA). [21] [22] [23] Among the PHAs, poly(b-hydroxybutyrate) (PHB) and its copolymers (like poly(b-hydroxybutyrate-co-b-hydroxyvalerate) (PHBV) for example) are the most widely studied and commonly used. 24, 25 PHB has a similar chemical structure to PLA and is a highly crystalline polymer with high melting point. PLA/PHB binary blends have been extensively studied over the past 20 years, because they can offer property improvements without compromising biodegradability. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] In particular, many studies have been devoted to the miscibility and compatibility of PLA/PHB blends. Immiscibility between PLA and PHB was widely observed in literature. 27, 31, 33, 34 Data show however that it depended on the molecular weight of both components. Low molecular weight PHB (M n below $ 18,000 g mol À1 ) was found to be miscible with PLLA, while higher molecular weight PHB was not. 26, 28 Zhang et al. 32 showed by FTIR spectroscopy potential intermolecular-interactions both in the immiscible and miscible PLLA/PHB blends. Furthermore they found that melt blended samples exhibited greater compatibility than the samples prepared by solvent casting at room temperature due to possible transesterification between PLA and PHB chains. 27 It turns out that, even if high molar mass blends of PLA and PHB are immiscible, the compatibility between the two components depends also on the blend preparation method and composition.
Many investigations have addressed the complex crystallization behavior of this semicrystalline/semicrystalline blend. [26] [27] [28] [31] [32] [33] [34] [35] The crystallization behavior of one component affected by the other was thus thoroughly studied. In particular, Furukawa et al. 31 observed a nucleating effect of PHB in PLA/PHB (80/ 20) blends yielding smaller cold crystallization times and lower cold crystallization temperatures. Similar results were observed for blends containing low or high molecular weight PHB 34 and finely dispersed PHB crystal particles. 35 The increase of the crystallization rate of PLA has also been achieved using inorganic powders as nucleating agents such as talc or TiO 2 , 36-41 and montmorillonite clays. 42, 43 Talc, in particular, is an efficient nucleating agent since it can decrease, according to Harris et al., 38 the half time of crystallization (t 1/2 ) of PLA at 115 C from 38.2 min for neat PLA to 0.6 min upon addition of 2 wt % of talc.
The aim of this work is to investigate the combined effect of PHB, blended at low content with PLA, and talc addition on the crystallization behavior and kinetics of PLA. Both nonisothermal cold crystallization and isothermal crystallization from the melt of the PLA/PHB/talc composites are investigated, by using different theoretical kinetic models. While in most of previous studies [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] the samples were obtained from solvent casting method, in the present study they are prepared by melt blending technique in a twin screw extruder. This technique presents several interests since it could be really adapted to production process at industrial level and constitutes a solvent-free technique.
EXPERIMENTAL

Materials
PLA 2002D is provided by NatureWorks LLC, containing $ 4.3 mol % of D-lactide. 44 Molecular weight of PLA samples were determined in our laboratory by using gel permeation chromatography and as follows: number average molecular weight, M n (PLA) ¼ 100,000 g mol À1 , dispersity M w /M n ¼ 2.09. This biopolymer has a melt flow index of 5-7 g/10 min (ASTM D1238), and a melting temperature of 160-170 C. Poly(bhydroxybutyrate) (PHB) is a fine white powder biodegradable polymer supplied by BiomerV R (Germany) with number-average molecular weight, M n (PHB) ¼ 430,000 g mol À1 , dispersity M w / M n ¼ 1.61. This product has a melting point of 170 C and a glass temperature of 0 C. Talc powder named Luzenac A7C, supplied by RIOTINTOV R Minerals, have tapped bulk density of 1.0 g cm À3 (ISO 787/11), specific gravity of 2.78 g cm À3 (ISO 787/10) and particle median diameter of 2.3 lm (ISO 13317-3).
Fabrication of Composites
PLA pellets and talc powders were dried at 90 C under vacuum during 4 h and PHB was dried during 2 h at the same temperature. The melt blending was carried out at a temperature profile ranging from 180 to 200 C, using a corotating twin screw extruder HAAKE with screw diameter of 16 mm and length to diameter ratio (L/D) 40 : 1. All samples were produced at the same screw speed (200 rpm). The blending ratios of PLA/PHB blends were 95/5, 90/10, and 80/20 by weight. In one of this blend (90/10), the amount of added talc was varied from 0.5 to 5 phr (0.5, 1, 2, and 5 phr) to study non-isothermal and isothermal crystallization kinetics.
Analytical Methods
The molecular weight parameters (number average molecular weight, M n and dispersity M w /M n of PLA and PHB were evaluated on a Shimadzu LC 10 A GPC system equipped with a RIR-10A refractive index detector, an LC-10AD isocratic pump, a DGU-14A degasser, a SIL-10AD automated injector and a CTO-10A thermostat oven. Chloroform (Merck, HPLC grade) was used as eluent with a flow rate of 0.8 mL min À1 and with an injection volume of 100 lL at room temperature (25 C). The fractionation was carried out at a series of two PL-Gel mixed C (5 lm, 300 mm) columns and a PL-100A (300 mm) column preceded by a precolumn PL-Gel 5 lm Guard (50 mm). Sample concentrations were 4-5 mg mL À1 . Polystyrene of low dispersity (580-1 650 000) was used for calibration.
A DSC apparatus Perkin Elmer, Pyris 1 was used to determine the thermal transitions and the crystallization kinetics of PLA, PLA/PHB blends, and PLA/PHB/talc composites. About 5 mg of the sample were placed in an aluminum crucible of 40 lL. The samples were heated from 0 to 200 C at 10 C min À1 and kept for 2 min at 200 C to remove the thermal history. For nonisothermal cold-crystallization study, the samples were then quenched to 0 C at 75 C min À1 , and subsequently reheated to 200 C at various heating rates ranging from 5 to 40 C min À1 . The endothermic cold crystallization data were then recorded as a function of temperature or time during the second heating. Given enthalpy values are recorded ones, no correction linked to the sample compositions was performed. The instrumental uncertainty of the enthalpy evaluation was evaluated to 65 J g À1 . For isothermal melt crystallization study, the samples were cooled, after removal of the thermal history, at a rate of 20 C min À1 to one of the several isothermal temperatures (85, 100, 115, and 130 C).
Changes in the structure of PLA and PHB before and after blending were followed by Equinox 55 FTIR spectrometer (Sadis-Bruker Society). Wavelength scanning ranges were taken from 400 to 4000 cm À1 with 128 points and at 4 cm À1 resolution.
Growth and form of spherulites of neat PLA and its blends film samples during isothermal crystallization process at a fixed temperature were studied using a polarized optical microscope (POM, Leitz Wetzlar), equipped with a digital camera (Leica DC300) and a hot stage (Mettler Toledo PF82HT). Figure 1 displays the DSC curves from the second heating runs at 10 C min À1 for neat PLA, neat PHB, and PLA/PHB blends (80/ 20, 90/10, 95/5 wt %). For these experiments, the cooling rate between the two heating runs was 40 C min À1 . Neat PLA exhibits a glass transition around 60 C while fusion peak does not appear clearly. This indicates that PLA does not crystallize much during the DSC cooling and heating processes. On the other hand, neat PHB exhibits a cold crystallization peaks around 45 C, indicating that crystallization during the cooling step is not complete, and a double fusion peak. Following some authors, 31,33 the first fusion peak can be attributed to the fusion of crystals formed during the cooling step, while the second one is associated with the crystals formed from recrystallization during the heating step.
RESULTS AND DISCUSSION
PLA/PHB Blends
For PLA/PHB blends, since the glass transition temperatures (T g s) of neat PHB (around 0 C) and neat PLA (around 60 C) are different, the miscibility of the blends can be studied by measuring the T g of the two components. Because of the low content of PHB in the PLA/PHB blends, the T g of PHB is difficult to detect, but we clearly see that, when PLA is blended with PHB, T g of the PLA remains almost unchanged. This suggests that the PLA/PHB blends are immiscible.
It is interesting to note that no cold crystallization peak of PHB is observed in the PLA/PHB blends. Several authors show that PHB inside a blend is crystallizing slower when PHB is the main polymer of the blend 27 or in smaller, more immature crystallites 31 . At low PHB contents (smaller than 20% of PHB) no crystallization is observed. 27, 35 In our cases, PHB seems not to be able to crystallize during the cooling run and no peak of cold crystallization of PHB is observed in Figure 1 . We observe nevertheless that all PLA/PHB blends exhibit a small cold-crystallization peak and an associated fusion peak, which indicates, in accordance with other authors, 31, 34, 35 such nucleating effect of the PHB on PLA.
Similar conclusions can be drawn from the Fourier Transform Infrared (FTIR) spectroscopy, a technique very sensitive to structural changes during the crystallization process or transformation of polymeric materials. Figure 2 shows the FTIR spectra of neat PLA, neat PHB and PLA/PHB blends measured from films at room temperature in the region from 700 to 2200 cm À1 . We can see in Figure 2 that the PLA and PHB spectra are very similar in the whole analyzed region. This is not a surprise since the chemical structures of PLA and PHB are very close, PHB having only one more (ACH 2 A) group in the chain backbone in comparison to PLA. For neat PLA, we observe a fine peak at 1744 cm À1 , assigned to amorphous carbonyl stretching of PLA and that remains constant in all the PLA/PHB blends. On the contrary, the absorption peak of PHB at 1719 cm À1 , assigned to the crystalline carbonyl stretching of PHB, dominant in neat PHB spectrum, disappears or cannot be clearly detected in the FTIR spectra of the PLA/PHB blends.
In the following study, PLA/PHB (90/10) blend sample was chosen to study the effect of nucleating agent (talc) on the crystallization behavior of PLA. Besides, several theoretical kinetic models have been used to describe the nonisothermal coldcrystallization and isothermal melt-crystallization of neat PLA and PLA/PHB blends with different nucleating agent contents.
PLA/PHB/Talc Composites
Nonisothermal Cold Crystallization Behavior. The study of nonisothermal crystallization has interest because most of industrial processes are carried out in nonisothermal conditions (injection moulding, extrusion...). Not fully crystallized PLA could be rearranged at temperatures higher than T g by cold crystallization. Temperature and rate of cold crystallization are important factors that could determine the end-use applications of polymer materials, especially for polymers whose glass transition temperature is just above ambient temperature like PLA.
For the nonisothermal cold crystallization study, samples have been previously quenched (i.e. cooled at 100 C min À1 ) after melting. Figure 3 shows the DSC curves of the second heating runs for neat PLA, PLA/PHB blends, and PLA/PHB/talc composites obtained at various heating rates: 5, 10, 20, and 40 C min À1 . All the curves, except for the neat PLA, exhibit a coldcrystallization exothermal peak. From these crystallization curves at a given heating rate, we can obtain some useful thermal basic parameters for nonisothermal crystallization as shown Table I : the initial temperature T cc when cold crystallization begins, the crystallization peak temperature T p , the half time of crystallization which is the time necessary to achieve 50% relative degree of crystallinity (t 0.5 ) at temperature of T 0.5 and the enthalpy of cold crystallization values DH cc . Table I shows that both initial temperature (T cc ) and cold crystallization peak temperature (T p ) shift to a higher temperature region, as the heating rates increase. For example, T cc for PLA/ PHB (90/10) blend sample is about 28 C higher when the heating rate increases from 5 to 20 C min À1 . Besides, we observe that the faster the heating rate, the wider the crystallization peak (Figure 3) . At a slower heating rate, there is more time for nucleation within the polymer to be activated, resulting in crystallization at lower temperature. The enthalpy values of cold crystallization (DH cc ) in Table I show that these values seem to be affected by both the addition of talc and heating histories. In the PLA/PHB blends, it is notable that as the heating rate increases the peaks weaken significantly, suggesting that PLA chains do not have time to self-adjust. PHB, although showing a nucleating effect (Figure 1 ), seems therefore not to be efficient enough to allow for full crystallization of PLA at faster heating rates and therefore higher peak temperatures.
It appears also from Table I that cold crystallization peak temperature, at a given heating rate, significantly decreases with the increase of talc content (higher than 0.5 phr). It suggests that the presence of PHB and talc promoted cold crystallization of PLA matrix, which is in accordance with previous studies on PLA/PHB blends and PLA/ talc composites. 31, 34, 35, [37] [38] [39] [40] Still, when the talc content reaches 2 phr, no clear tendencies are observed concerning the evolution of the different temperatures. The sample containing 5 phr talc has a start of crystallization peak almost at the same temperature as the sample at 1 phr. Such a discontinuous behavior was also observed from the melt at a cooling rate of 10 C min À1 in the PLA/talc system, but no explanation was given. 40 The crystallization half time of all the PLA/PHB/talc composites decreased compared to the PLA/PHB blend, and enthalpy values showed that even at the higher heating rates full crystallization of PLA was obtained. For example, in the case of PLA/PHB þ5 phr talc at 40 C min À1 , the crystallization peak appears at the same temperature as for the PLA/PHB blend at 5 C min À1 and the enthalpy of crystallization can be considered as equal, given the instrumental uncertainty. Besides, the decrease in the crystallization half time is significant: from 6.2 to 0.8 min. To investigate more deeply the kinetics of the cold crystallization of the different composites different kinetic models were then used in the following. Nonisothermal Cold Crystallization Kinetics. The relative degree of crystallinity X t is a function of temperature and is calculated from the following eq. (1): where T cc is the initial temperature when cold crystallization begins, T t is the temperature at time t, T 1 is the temperature in the complete crystalline state, dH c is the enthalpy of the crystallization process.
In fact, crystallization temperature values in eq. (3) can be converted into the time scale according to eq. (2) at a given heating rate:
where k is the heating rate. Table I . It appears that the t 0.5 values of composites decrease as the heating rate increases and the t 0.5 values decrease with incorporation of talc particles in the formulation, indicating that talc particles accelerate overall crystallization.
Avrami Model. To go further in the study of the crystallization kinetics, different approaches have been carried out on the analysis of the DSC signal. Avrami model [45] [46] [47] is widely applied to describe the overall isothermal crystallization, proposing a relation between relative degree of crystallinity (X t ) and elapsed crystallization time t, given in eq. (3): 
where X t is the relative degree of crystallinity at time t, Z t is the Avrami rate constant, t is the elapsed crystallization time, n is the Avrami exponent (Avrami index) which characterizes the information about nucleation and growth geometry. Equation (3) converted into logarithmic form is shown below (4):
By using eq. (4), n and Z t values can be obtained from the slope and the intersection of the curves by plotting log [-ln(1-X t )] versus log t with the horizontal axis as shown on the basis of the example blends PLA/PHB (90/10) [ Figure 4 (c)] and PLA/ PHB/Talc (90/10/5) [ Figure 4(d) ]. It is observed that the curves are linear for the PLA/PHB blend at each heating rate studied.
It was noted that in the nonisothermal crystallization process, n and Z t are not of the same physical nature as in the case of isothermal crystallization because the nonisothermal crystallization temperature constantly varies over time. Considering the nonisothermal character of the process, Jeziorny 48 suggested to include the effect of heating rate (k) on Z t . The new crystallization rate constant Z c is related to the Z t parameter as shown in eq. (5):
Table II presents all n and Z c values obtained by using equations. (4) and (5) of non-isothermal crystallization for neat PLA/PHB (90/10) and the PLA/PHB/Talc composites under study. Table II indicates that the Z c values have a tendency to increase with the heating rates and with the talc powders addi-tion whatever the content. For a given heating rate, the Z c values of composites are higher than those of neat PLA/PHB. These results indicate that the talc microparticles facilitate the cold crystallization of PLA, in agreement with the results of t 0.5 .
For PLA/PHB/talc composites, we observe, at much longer time, a change of slope of the double-log plots, suggesting the appearance of another regime of crystallization and the fact that the mode of spherulitic nucleation and growth is more complex in the composites. This regime can be classically attributed to the occurrence of a secondary crystallization, observed when plasticizer and/or nucleating agent is added in PLA during nonisothermal melt-crystallization by other authors. 39, 40 The average value of the Avrami index value (n) for the PLA/PHB blend is 2.9 while those for composites vary between 3.1 and 3.3, the n values decrease generally with increasing heating rates.
Liu and Mo Approach
Liu et al. 49 proposed a kinetic equation which combines both Avrami and Ozawa model. Ozawa modified Avrami model, considering that the non-isothermal crystallization process is the combination of many infinitely isothermal crystallization processes over crystallization time. This method may be applicable as crystallization occurs at a constant cooling/heating rate. According to the Ozawa theory, 50 the degree of conversion at temperature T, K(T) can be calculated from the following equation:
where K(T) is the Ozawa function which depends on crystallization temperature and contains information about the crystallization process, X t is the relative degree of crystallinity, k is the cooling/ heating rate ( C min À1 ) and m is the Ozawa index. Equation (6) may be converted into logarithmic form as eq. (7) below: log½À lnð1 À X t Þ ¼ log K ðT Þ À m log k
According to Long et al., 51 with the exception of few polymers (like poly(ethylene terephthalate) and isotactic polypropylene), the cooling crystallization of most of the polymeric systems cannot be predicted satisfactorily using the Ozawa model. In particular, for neat PLA, as well as its blends and composites, a deviation from linear Ozawa model was observed. 39, 40, 52, 53 This can be explained by the fact that this model ignores secondary crystallization of the polymer during the nonisothermal crystallization process.
The Liu and Mo approach 49 consists in combining the double logarithmic form of the Avrami and Ozawa model, as shown below (8):
At a given relative degree of crystallinity X t , this equation may be rearranged as follows:
where F(T) ¼ [K(T)/Z t ] 1/m refers to the heating rates value during a crystallization time unit when the system has a welldefined degree of crystallization, a is the ratio of the Avrami index to the Ozawa index, i.e., a ¼ n/m, and k is the heating rate.
According to eq. (9), plotting log k versus log t at a given relative degree of crystallinity, we can obtain linear curves as shown in Figure 4 (e,f) for the example of PLA/PHB (90/10) and PLA/PHB/Talc (90/10/5). The a, F(T) values can be calcu-lated from the slope and interception of these curves with horizontal axis, respectively. The results of these values for PLA/ PHB (90/10) and its composites with talc are shown Table III . It appears that the a values are relatively constant, ranging from 0.62 to 0.75 for neat PLA/PHB (90/10) and from 0.54 to 1.77 for PLA/PHB composites. We observe as well that the values F(T) for PLA/PHB composites are systematically higher than those of neat PLA/PHB, except for the last composition with 5 phr of talc. Nevertheless the meaning of these results is questionable and further insight is needed to explain them.
Determination of Activation Energy. The activation energy DE (dynamic factor characterizing the process of transport of macromolecular segments to the surface of crystal growth) can be calculated from the crystallization temperature peak (T p ) and the heating rate (k) using the Kissinger equation: 54
where R is the universal gas constant. The activation energy values of the nonisothermal cold crystallization of neat PLA/PHB and its composites are easily calculated from the slope of the curves plotting ln (k/T 2 p ) versus 1/T p , as shown Figure 5 . The DE values of neat PLA/PHB (90/10) and its composites are given in Table III . We observe that the DE values for the composites are markedly lower than those of the neat PLA/PHB matrix due to ''nucleating effect'' of talc powders.
Isothermal Crystallization Kinetics from the Melt
The addition of nucleating agent into PLA matrix could affect not only the cold crystallization but also the crystallization from the melt. The melt crystallization of PLA, PLA/PHB (90/10) and its composites were investigated in terms of half time of crystallization (t 0.5 ) under isothermal conditions at four fixed temperatures ranging from 85 to 130 C. Figure 6 presents the half time of crystallization (t 0.5 ) as a function of isothermal temperature. We can see that the half time curves exhibit a minimum value which is around 110 C for all the samples. This temperature corresponds to the optimum temperature of isothermal crystallization of the samples. Besides, Figure 6 shows that neat PLA has slow crystallization rate and its half time of crystallization values at optimum temperature (108 C) is around 70 min, while neat PHB exhibits the fastest crystallization rate compared to all studied samples. PLA/ PHB blend has lower half time crystallization values in comparison with neat PLA, which can be explained by the fact that PHB particles act as ''nucleating agent.'' This effect leads to an increase of the crystallization rates of neat PLA and correlated decrease of the half time of crystallization. 31, 34, 35 The addition of 0.5 phr talc effectively decreases the half time of crystallization of PLA/PHB blend to around 6 min. In the presence of 1 phr talc, the minimum of half time crystallization is reduced to about 2.5 min. As regards the effect of the talc content on the half time of crystallization, we can see that using an excess amount of nucleating agent (more than 1 phr) does not have an effective effect on nucleation process. This result can be due to the agglomeration phenomenon of talc microparticles at high level and the limited number of talc particles that could act as nucleating agent to accelerate the nucleation of PLA matrix.
Spherulites growth behavior is investigated using dynamical polarization optical microscopy disposed on a camera that allows observing the morphologies and the development of spherulites during isothermal crystallization. Figure 7 shows the polarized optical photomicrographs of several selected samples taken during the isothermal crystallization at 130 C. It can be observed clearly that the amount of spherulites increases gradually with the isothermal crystallization time. Besides, the crystallization rate increases with the presence of PHB and the addition of talc microparticles. The composites containing talc microparticles have quicker crystallization rate than that of samples without talc microparticles.
CONCLUSIONS
The miscibility and morphology of PLA/PHB blends were investigated by DSC, FTIR, and SEM observations. For all the compositions (5, 10, and 20 wt % of PHB), the blends were found to be immiscible. The PHB particles did not seem to crystallize in the blends and could act as nucleating agent for cold crystallization of PLA.
The combined effect of PHB blending and talc addition on the nonisothermal cold crystallization of PLA was investigated by the use of the theoretical models of Avrami, Jeziorny, Liu, and Mo. Avrami model gave some results that were satisfactory for high relative degree of crystallization. Liu-Mo approach was also used to describe the non-isothermal cold crystallization kinetics. With the presence of PHB and talc, the cold crystallization of PLA significantly increased, as suggested by the increase of the crystallization rate constant.
Isothermal melt crystallization experiments showed that PLA crystallized much faster with PHB and talc addition. At optimum temperature of crystallization (108 C), the half time of isothermal crystallization was reduced from about 70 min for neat PLA to about 2.5 min for PLA/PHB/talc (90/10/1) samples. Incorporating more than 1 phr of talc did not seem beneficial for the crystallization kinetics.
These results can have applicative importance for guiding the optimization of crystallization of PLA, for example during postannealing processing.
